Abstract
3

Introduction
49
The nature of the emulsifier used to formulate oil-in-water emulsions plays an 50 important role in determining their structural, physicochemical and functional 51
properties, such as droplet size, charge, interactions, stability, rheology, appearance, 52
and digestibility (McClements, 2015) . A wide variety of emulsifiers is available for 53 utilization within the food industry, including synthetic surfactants, proteins, 54 polysaccharides, and phospholipids (Kralova & Sjoblom, 2009 ). Nevertheless, there is 55 currently considerable interest in the utilization of natural emulsifiers in foods due to 56 consumer demands for natural products and clean labels (Ozturk & McClements, 2016) . 57
Many types of food proteins are amphiphilic molecules that can be used as emulsifiers 58 to stabilize food emulsions (E. Dickinson In this study, we focused on the emulsifying properties of proteins derived from 70 rice, a highly abundant staple food. Rice protein is rich in essential amino acids, has a 71 high nutritive value, lowers cholesterol, and is hypoallergenic (Du et al., 2013 ; Qiang 72 Zhao, Selomulya, et al., 2012) . Previously, rice proteins have been reported to have 73 good emulsifying properties under acidic conditions (Romero et al., 2012) , but not 74 under neutral conditions , which was attributed to differences in the 75 aggregation state of the proteins under different pH conditions. The functional 76
Rice glutelin was hydrolyzed by trypsin at an optimized enzyme/substrate ratio 134 according to preliminary experiments. 2 g of rice glutelin was dispersed in 30mL 135 deionized water and stirred for 1h. After pH and temperature adjustments (pH=8, 50 136 ºC), Trypsin was added. Inactivation of the enzyme was achieved by heating to 95 ºC 137 for 10 min followed by immediate cooling in water to room temperature. The mixture 138 was adjusted to pH 7.0, followed by centrifugation (TGL-20B, Anting Scientific 139 Instrument Factory, Shanghai, China) at 4800 g for 10 min and the supernatant was 140 freeze-dried. The hydrolysates formed had 0.5%, 2% and 6% DH, and were therefore 141 referred to as DH0.5RG, DH2RG and DH6RG, respectively. 142
Estimation of the degree of hydrolysis
143
The degree of hydrolysis (DH), defined as the number of hydrolyzed peptide bonds 144 (h) relative to the number of peptide bonds per unit weight (h tot ) expressed as a 145 percentage, was determined by using the pH-stat method (Adler-Nissen, 1986) and 146 calculated according to the following equation: 147
Where B is base consumption (mL), N b is the molarity of the base used, M p is the 149 mass (g) of the protein, h tot is the theoretical overall number of peptide bonds in the 150 protein substrate (7.40 meq/g rice protein) (Qiang Zhao, Xiong, et al., 2012), and α is 151 the average degree of dissociation of the α-NH 2 groups expressed as: 152 
Here pH is the value at which the enzyme hydrolysis was conducted, and pK a is the 154 average pK a for α-NH 3 + groups on the protein. A high performance size exclusion chromatography (SEC-HPLC) system (Agilent 159 1260 series) equipped with an appropriate column (Shodex KW804) was used 160 according to the methods described previously with some 161 modification. Protein samples were dissolved in 100 mM phosphate buffer (pH 7.0) 162 containing 20 mg/mL SDS. The supernatants were collected after centrifuged at 4800 g 163 for 10 min. All protein solutions were filtered through 0.45 μm cellulose acetate 164 membranes (Millipore, Billerica, MA) before use. The eluent used was 200 mM 165 phosphate buffer (20mg/mL SDS, pH 7.0) at a flow rate of 1 mL/min used at room 166 temperature. The UV absorbance at 220 nm was performed to monitor protein elution. 167
Sodium dodecyl sulfide polyacrylamide gel electrophoresis (SDS-PAGE) 168
SDS-PAGE of protein samples was performed according to a method described 169 previously (Laemmli, 1970 ) by using 12% separating gel and 5% stacking gel. Protein 170 samples were mixed with the sample buffer: 0.5 M Tris-HCl, 10% glycerol, with or 171 without 5% β-mercaptoethanol (β-ME), and 1% (w/v) bromophenol blue (pH 6.8). The 172 mixtures were heated at 100 ºC for 10 min, and then centrifuged at 10,000 rpm for 30 s. 173
A sample containing 40 μg of protein was loaded into each well, and subjected to 174 electrophoresis at a voltage of 60 V in the stacking gel and 80 V in the separating gel 175 until the tracking dye reached the bottom of the gel. Then the gels were stained for 2 h 176 using 0.05% Coomassie Brilliant Blue R-250 in acetic acid/methanol/water solution 177 Here, τ is the shear stress (mPa); K is the consistency coefficient (mPa s n ); γ is the shear 244 rate (s -1 ); and n is the flow behaviour index. 245
Particle size and surface charge (ζ-potential) measurement 246
The particle size and ζ-potential of the emulsions were measured by dynamic light 247 scattering (Nicomp TM 380 ZLS, PSS Nicomp, Santa Barbara, CA, USA). Prior to 248 measurement, the emulsions were diluted 100-fold with the working buffer to avoid 249 multiple scattering during measurements. Duplicate measurements were performed at 250 25 ºC on each sample. 251
Influence of environmental stress on emulsion stability 252
The emulsions were exposed to a number of environmental stresses to simulate the 253 conditions that they may experience during their application in commercial products: 254
Influence of pH 255
Freshly produced emulsions were placed into 50 mL beakers and each sample was 256 adjusted to different pH values (3-9) by adding either HCl or NaOH solutions. The 257 samples were then transferred to 10 mL test tubes and stored at 25 ºC for 24 h prior to 258 particle size and ζ-potential analysis. 259
Influence of NaCl 260
Freshly prepared emulsions were transferred into 10 mL test tubes, and then 261 varying ratios of 6M NaCl solution and buffer solution were added to obtain samples 262 with various final NaCl concentrations (0-300mM). The samples were vortexed and 263 stored for 24 h at 25 ºC prior to particle size and ζ-potential determination. 264
Influence of temperature 265
Freshly prepared emulsions were transferred into 10 mL test tubes, which were 266 11 then were placed into a water bath set at different temperatures (30-90 ºC) for 30 min 267 and cooled to ambient temperature immediately. The samples were vortexed and stored 268 for 24 h at 25 ºC prior to particle size and ζ-potential determination, and for 15 days 269 prior to visual observation of creaming stability. 270
Statistical analyses
271
All the experiments were conducted in triplicate and the data are expressed as 272 means values ± standard deviation (SD). Significant differences between means 273 (p<0.05) were studied by one-way ANOVA test using SPASS 19.0 (SPSS Inc., Chicago, 274 IL). 275
Results and discussion
276
Molecular weight distribution of glutelin hydrolysates
277
Size exclusion chromatography was used to determine the molecular weight 278 distribution of the native rice glutelin (RG) and the rice glutelin hydrolysates (RGH) 279 (Fig.1) . The RG chromatogram was characterized by two major peaks with a molecular 280 weight > 678 kDa (P1) and 44 kDa (P2). The P1 peak has previously been attributed to 281 large macromolecular complexes polymerized by disulfide bonds 282 Utsumi, 1992). The P2 peak was most likely to be the α-subunit and β-subunit of RG. 283
Upon hydrolysis, the area of the P1 peak significantly decreased, suggesting that RG 284 was hydrolyzed by trypsin. The P1 peak was actually larger for the RG with DH 6% 285 than with DH 0.5% and 2%, which suggests the formation of soluble peptide aggregates 286 at high degrees of hydrolysis. Hydrolysis-induced aggregation of glutelin was also 287 reported previously (Barac et al., 2012) , indicating that protein aggregates could be 288 produced during hydrolysis or during thermal inactivation of the enzyme. Furthermore, 289 after hydrolysis the P2 peak disappeared, whereas two new peaks (P3 and P4) appeared. 290
This suggested that RG was hydrolyzed into small peptides. 291
SDS-PAGE analysis
292
The polypeptide profiles of protein samples were measured under reducing and 293 12 non-reducing conditions to investigate changes of RG composition (Fig. 2) . Under 294 non-reducing conditions, the RG sample showed three major subunits (around 30, 20 295 and 12 kDa) (Fig.2a) . The 30 and 20 kDa subunits correspond to the acidic α-subunit 296 and alkaline β-subunit of RG, respectively. The 12 kDa fraction corresponds to 297 prolamin, which is known to be an integral part of RG (Likitwattanasade et The SDS-PAGE profiles measured under reducing conditions (Fig. 2b) were fairly 311 similar to those measured under non-reducing conditions (Fig. 2a) . However, some of 312 the larger molecular weight fractions were not observed under reducing conditions, 313 which suggested that some of the larger protein aggregates were disrupted in the 314 presence of β-ME. These results suggest that these large aggregates were held together 315 by disulfide bonds in both the native and hydrolyzed rice glutelin. DH were therefore quantified (Fig. 3a) . The H 0 value of the hydrolysates initially 321 increased with increasing hydrolysis (0 to 2% DH), but then it decreased at the highest 322 (Fig. 3b) . The fluorescence intensities of RGH were found to be 339 higher than that of RG, which can be attributed to the fact that more of the aromatic 340 groups were exposed to water and more available to emit fluorescence (Roger, 2004 ; 341 Sponton, Perez, Carrara, & Santiago, 2014). In agreement with the surface 342 hydrophobicity measurements, the fluorescent intensity of the hydrolysates with 6% 343 DH was lower than that with 2% DH, which suggests that less aromatic groups were 344 exposed to water. This effect can again be attributed to hydrophobic attraction of the 345 polypeptides and peptides at high degrees of hydrolysis, since the hydrophobic groups 346 were re-buried within the interior of larger aggregates (Avramenko et al., 2013 
CD spectra analysis
350
A deeper understanding of RG and RGH secondary structure was obtained using 351 CD spectra (Table 1) 
Protein solubility
366
Good water-solubility of proteins is often a prerequisite for their proper 367 functioning as emulsifiers, and so we measured the influence of pH on the water 368 solubility of the native protein and hydrolysates (Fig. 3c) . The solubility of all 369 samples exhibited U-shape curves, with minimal values around pH 5 for RG (2.2%) 370 and around pH 4 for the hydrolysates (60-71%). Overall, the solubility of the 371 hydrolysates was much higher than the native proteins, and the solubility increasing 372 with increasing DH. The lower solubility at intermediate pH values can be attributed 373 to the reduction in the electrostatic repulsion between the proteins around their 374 isoelectric point (Du et al., 2012) . The shift in the isoelectric point after partial 375 hydrolysis has also been reported in earlier studies, and may be attributed to differences 376 in the types and numbers of charged groups on the proteins after hydrolysis (Jamdar et 
Emulsion stability
392
In this section, the influence of various environmental stresses on the physical state 393 of oil-in-water emulsions was studied. Preliminary experiments showed that RG 394 could not form stable emulsions. Instead, these systems rapidly separated into 395 separate oil and aqueous phases, which suggested that the water-insoluble RG was 396 unsuitable as an emulsifier. Consequently, only the three RGH (0.5, 2, and 6% DH) 397 were used for the emulsion stability studies. 398
Storage stability 399
Changes in the size of the droplets in the emulsions were measured throughout 7 400 days of storage at ambient temperature (Fig. 4) . The initial mean diameter of the 401 droplets formed after homogenization increased with increasing hydrolysis: 0.5% DH 402 (221 nm) < 2% DH (233 nm) < 6% DH (253 nm). This suggests that the protein 403
hydrolysates with a lower DH were able to adsorb to the droplet surfaces more rapidly 404 during homogenization, or that they were more effective at preventing recoalescence 405 inside the homogenizer (Hakansson, Tragardh, & Bergenstahl, 2009 ). During storage 406 16 there were distinct differences between the ability of the hydrolysates to prevent 407 particle growth. There was a slight increase in mean particle diameter over time for 408 the 0.5% DH samples, little change for the 2% DH samples, and a relatively rapid 409 increase for the 6% DH samples (Fig. 4) . This result suggests that there was an 410 optimum degree of hydrolysis required to prevent droplet aggregation during storage. 411 A similar finding was reported for hydrolysates formed from whey proteins (Euston, 412 Finnigan, & Hirst, 2001). It should be noted that the most likely origin for the 413 measured increase in particle size over time was due to flocculation, as there was a 414 corresponding increase in the viscosity of the samples (Section 3.7) . 415
pH 416
The influence of pH on the mean particle diameter and ζ-potential of the different 417 emulsions was measured (Fig. 5) . All the emulsions exhibited fairly similar trends in 418 the particle size versus pH profiles: extensive droplet aggregation occurred from pH 3 419 to 5, but the emulsions were stable from pH 7 to 9 (Fig. 5a ). Visual observation of the 420 samples also showed that the emulsions separated into a transparent serum layer at the 421 top and a white cream layer at the bottom from pH 3 to 5, but were stable to creaming at 422 pH 7 to 9 (data not shown). The creaming instability at lower pH values can be 423 attributed to the fact that the creaming velocity increases with particle size 424 (McClements, 2015) . These results are consistent with previous studies that have 425 reported that RG emulsions are highly unstable to aggregation and creaming near the 426 proteins isoelectric point (Du et al., 2013) . 427
To provide some further insights into the mechanism of emulsion instability, the 428 electrical characteristics of the protein-coated droplets were measured at different pH 429 values (Fig. 5b) . For all the emulsions, the -potential went from highly positive at low 430 pH to highly negative at high pH, with a zero change at around pH 4.3. This finding can 431 be attributed to the fact that the isoelectric point of the adsorbed layer of RG 432 hydrolysates was around pH 4.3, which was in agreement with the solubility results. At 433 low pH values, the H + concentration is relatively high, which causes the carboxyl 434 groups (-COOH) and amino groups (-NH 3 + ) to become protonated leading to a net 435 positive charge. Conversely, at high pH values, the H + concentration is relatively low, 436 which causes the carboxyl groups (-COO -) and amino groups (-NH 2 ) to be 437 non-protonated leading to a net negative charge. At the isoelectric point, the number of 438 positive and negative groups is balanced. The interfacial layers formed by globular 439 proteins are known to be relatively thin, and so the major type of interactions 440 preventing droplet aggregation is electrostatic repulsion (Qian et al., 2011) . Thus, the 441 reduction in the net droplet charge at pH values around the isoelectric may have 442 promoted droplet flocculation since then the electrostatic repulsion was not large 443 enough to overcome the van der Waals attraction (Ozturk, Argin, Ozilgen, & 444
McClements, 2015). 445
Ionic strength 446
The influence of ionic strength on particle size and ζ-potential of the different 447 emulsions (pH 7, ambient temperature) was measured (Fig. 6 ). All the emulsions were 448 destabilized by addition of NaCl, as seen by an increase in the mean particle diameter. 449
Droplet aggregation can be attributed to the ability of the counter ions (Na + ) in the salt 450 to screen the electrostatic repulsion between the negatively charged droplets (Salminen 451 & Weiss, 2014) . When the NaCl concentration was above a critical level, the 452 electrostatic repulsion could no longer overcome the attractive interactions (van der 453 Waals and hydrophobic) between the droplets, thereby leading to aggregation. The oil 454 droplets coated by the 2% DH rice glutelin showed the least change in particle size with 455 increasing salt content in the range 0 to 100 mM NaCl. 456
The addition of NaCl led to a slight reduction in the magnitude of the negative 457 charge on the droplets (Fig. 6b) , which can again be attributed to electrostatic screening 458 effects (Israelachvili, 2011) . 459
Temperature 460
The effect of temperature on the mean particle diameter, ζ-potential, and creaming 461 stability of the emulsions (pH 7, 0 mM NaCl) was measured (Fig. 7) . The emulsions 462 containing oil droplets coated by rice glutelin with a low level of hydrolysis (0.5 and 2% 463 18 DH) were relatively stable to thermal processing, with little change in mean particle 464 diameter from 30 to 90 ºC (Fig. 7a) . Conversely, there was an appreciable increase 465 the particle size of the emulsions stabilized by the 6% DH rice glutelin upon heating. Visual observation of the emulsions supported the particle size measurements. 486
The emulsions containing RGH with low levels of hydrolysis (0.5 and 2% DH) were 487 relatively stable to creaming, whereas those with high levels of hydrolysis (6%) 488 exhibited distinct phase separation (Fig. 7c) . Indeed, heating caused these emulsions 489 to form a watery layer at the bottom and a curd-like cream layer at the top. 490
Emulsion Rheology
491
The rheology of food emulsions is important in many practical applications, and 492 19 so the viscosity-shear rate profiles of the emulsions were measured using a shear 493 rheometer during storage at ambient temperature for 7 days (pH 7, 0 mM NaCl). The 494 resulting flow curves were then fitted to the power law model, and the consistency 495 coefficient (K) and flow behaviour index (n) were calculated ( Table 2 ). The flow 496 behaviour index (n) is 1 for a Newtonian fluid and less than 1 for a shearing thinning 497 fluid. Initially, all the emulsions had a relatively low consistency coefficient and 498 exhibited weak shearing thinning behaviour. After 7 days of storage, there was little 499 change in the K and n values of the emulsions stabilized by the 2% DH rice glutelin, 500
suggesting that it was stable to droplet aggregation, which is in agreement with the 501 particle size measurements for this sample (Fig. 4) with the observed increase in particle size in these emulsions during storage (Fig. 4) . 507
Conclusions
508
This study demonstrates that the stability of emulsions prepared using rice 509 glutelin hydrolysates as emulsifiers depends on the degree of hydrolysis of the protein 510 molecules. Hydrolysis of glutelin made the protein structure more flexible, and 511 transformed the insoluble aggregates present in the native protein to soluble 512 aggregates in the hydrolyzed protein. The surface hydrophobicity and intrinsic 513 fluorescence of the hydrolysates first increased and then decreased as the degree of 514 hydrolysis increased, which was attributed to exposure of buried hydrophobic groups 515 to the outer surface of the molecule followed by protein aggregation through 516 hydrophobic interaction. The rice glutelin hydrolysates were found to have much 517 higher solubility than that of the original glutelin across the entire pH range studied. 518
However, oil droplets stabilized by the rice glutelin hydrolysates were highly unstable 519 to aggregation at pH values around the isoelectric point of the adsorbed proteins, and 520 20 upon addition of salt. These results highlighted the importance of electrostatic 521 interactions in stabilizing the protein-coated droplets against aggregation. The rice 522 glutelin with 2% DH gave emulsions that had the best storage stability and that were 523 most resistant to salt addition and thermal processing. Overall, these results suggest 524 that hydrolysis of native rice glutelin can be used to improve its functional properties 525 so that it can be used as an effective emulsifier. However, further research is needed 526 to improve the stability of the emulsions over a wide range of environmental 527 conditions. 528 Table   Table 2 The mean particle diamater, consistency coefficient (K) and flow behavior index (n) of oil-in-water emulsions stabilized by native or hydrolyzed rice glutelin. Different letters in the same row for each parameter are significantly different (p< 0.05). The values reported represent means ± standard deviations (n = 3) and different superscript letters indicate significant differences (P < 0.05). 
Samples
